Abstract The A 2B adenosine receptor (AR) has emerged as a unique member of the AR family with contrasting roles during acute and chronic disease states. We utilized zinc-finger nuclease technology to create A 2B AR gene (Adora2b)-disrupted rats on the Dahl salt-sensitive (SS) genetic background. This strategy yielded a rat strain (SS-Adora2b mutant rats) with a 162-base pair in-frame deletion of Adora2b that included the start codon. Disruption of A 2B AR function in SS-Adora2b mutant rats was confirmed by loss of agonist (BAY 60-6583 or NECA)-induced cAMP accumulation and loss of interleukin-6 release from isolated fibroblasts. In addition, BAY 60-6583 produced a dose-dependent increase in glucose mobilization that was absent in SS-Adora2b mutants. Upon initial characterization, SS-Adora2b mutant rats were found to exhibit increased body weight, a transient delay in glucose clearance, and reduced proinflammatory cytokine production following challenge with lipopolysaccharide (LPS). In addition, blood pressure was elevated to a greater extent (∼15-20 mmHg) in SS-Adora2b mutants as they aged from 7 to 21 weeks. In contrast, hypertension augmented by Ang II infusion was attenuated in SS-Adora2b mutant rats. Despite differences in blood pressure, indices of renal and cardiac injury were similar in SS-Adora2b mutants during Ang IIaugmented hypertension. We have successfully created and validated a new animal model that will be valuable for investigating the biology of the A 2B AR. Our data indicate varying roles for A 2B AR signaling in regulating blood pressure in SS rats, playing both anti-and prohypertensive roles depending on the pathogenic mechanisms that contribute to blood pressure elevation.
Introduction
The purine nucleoside adenosine is an important autocrine/paracrine factor. Among its four G-protein coupled receptors (A 1 , A 2A , A 2B , A 3 ), the A 2B adenosine receptor subtype (A 2B AR; encoded by the Adora2b gene) has low affinity for adenosine [1] . However, it is rapidly induced during hypoxia due to the presence of hypoxiainducible factor-1 (HIF-1) elements within its gene promoter [2] . Moreover, expression of the A 2B AR is enhanced during inflammation [3] [4] [5] . A 2B ARs are uniquely coupled to both G s and G q proteins and activate divergent intracellular signaling pathways [1, 6, 7] . Expression of the A 2B AR is widespread, although particularly prominent in blood vessels, epithelial cells, fibroblasts, and various leukocyte populations including macrophages [1, 4, 5, 8, 9] . Interestingly, recent studies by Moriyama and Sitkovsky [10] have demonstrated that a large portion of A 2B ARs expressed in cells is degraded in the proteasome due to the lack of a dominant forward transport signal from the endoplasmic reticulum to the plasma membrane and that surface expression is enhanced in the presence of the A 2A A R potentially due to heterodimer formation. Thus, new evidence is emerging that knockdown or changes in expression of one AR subtype may influence the expression and signaling properties of the others [10] .
Substantial progress has been made in deciphering the biological function of the A 2B AR due to the availability of Adora2b −/− mice (B6 genetic background) [8] . A 2B AR signaling has been implicated in controlling inflammatory responses and both glucose and lipid metabolism relevant to metabolic diseases [11, 12] . Specifically, current evidence from studies with Adora2b −/− mice suggests that A 2B AR signaling suppresses tissue inflammation, which is protective against insulin resistance, diabetes, obesity, and atherosclerosis [11, 12] . In addition, numerous studies with Adora2b −/− mice also provide evidence that A 2B AR signaling provides protection against acute ischemic and inflammatory insults [13] [14] [15] . Curiously, however, substantial evidence from studies with Adora2b
−/− mice suggests that A 2B AR signaling can also contribute to adverse tissue remodeling and fibrosis that occurs in chronic inflammatory disease states [3, 16, 17] . This has been explained by an effect of the A 2B AR to stimulate the production of proangiogenic and tissue-healing factors such as IL-6, vascular endothelial growth factor (VEGF), chemokine (C-X-C motif) ligand 1 (CXCL1), and likely others that cause inflammation, angiogenesis, fibrosis, and organ dysfunction with continual or repeated exposure [3, 16, 17] . Notably, A 2B AR stimulation has been linked with elevated blood pressure and renal injury during experimental hypertension in mice [18] . In these studies, chronic hypertension induced by angiotensin II (Ang II) infusion was reduced by 50 % in Adora2b −/− mice [18] . In addition, a destructive action of A 2B AR signaling has been observed in experimental models of chronic diseases of the lungs (relevant to asthma and chronic obstructive pulmonary disease [19] ), liver (alcohol-induced steatosis [20] ), kidneys (chronic renal disease [21] ), and penis (priapism [22] ). Based on these findings, A 2B AR antagonism has emerged as an attractive therapeutic target for treatment of a myriad of chronic diseases. However, essentially all previous work focused on investigating the biology of the A 2B AR has been conducted in models utilizing mice. For this reason, there is a need to create additional animal models to examine the role of the A 2B AR during normal and pathophysiological states. In this study, we describe the development of a new mutant rat line with genetic disruption of Adora2b created using the zinc-finger nuclease (ZFN) strategy [23, 24] . The rat line was created on the Dahl salt-sensitive (SS) genetic background to facilitate the study of A 2B AR signaling during hypertension. SS rats exhibit a low-renin, salt-sensitive form of hypertension and progressive glomerulosclerosis that leads to end-stage renal disease [25] . We report that genetic disruption of Adora2b in SS rats causes several phenotypic differences including increased body weight, decreased glucose disposal, and suppressed proinflammatory cytokine production. Surprisingly, blood pressure was elevated to a greater extent in SS-Adora2b mutant rats upon maturation, although the extent of hypertension in response to Ang II infusion was reduced. The SS-Adora2b mutant rat is a valuable new tool to study the biology of the A 2B AR. Our results support the idea that A 2B AR signaling participates in blood pressure regulatio n during experimental hypertension.
Methods Animals
All animal procedures and breeding were performed at the Medical College of Wisconsin with approval of the Institutional Animal Care and Use Committee. The Adora2b mutant rat line was created using ZFN technology, as previously described [23, 24] . ZFN constructs were designed, assembled, and validated by SigmaAldrich (St. Louis, MO) to target bases in exon 1 (NCBI reference sequence: NM_017161.1) of the rat (Rattus norvegicus) Adora2b where each member of a heterodimeric ZFN pair binds to the underlined sequence on complementary DNA strands (ZFN target sequence: AACTACTTTCTGGTGTccctgGCGACGGCGGACGTG-GCT). mRNAs encoding each ZFN pairs were prepared in injection buffer (10 mM Tris, 0.1 mM EDTA, pH 7.5) at a concentration of 10 ng/μl and injected into the pronucleus of fertilized SS one-cell embryos. Injected embryos were transferred to pseudopregnant females. At weaning, DNA was extracted from tail tissues and screened for ZFNinduced mutation by the Surveyor nuclease assay, as described previously [23, 24] . Extracted tail DNA was PCRamplified with forward (5′-3′) and reverse primers (F: 5′-A C A C A A C C C C G G TA G A G G A -3 ′ a n d R : 5 ′ -GATGGAGCTCTGTGTGAGCA-3′). The PCR products were cloned into the TOPO TA-cloning vector (Invitrogen) and subjected to standard sequencing. Among several mutant founders, one founder rat harboring a 162-base pair in-frame deletion (see Fig. 1 ) in exon 1 of Adora2b including the start codon was used for subsequent phenotyping. This founder rat was backcrossed to the parental SS strain and heterozygous progeny from subsequent generations were intercrossed to generate homozygous mutant animals. Experiments were performed on age-matched, parental male SS rats (hereafter called SS rats) and Adora2b mutant rats (officially designated SSAdora2b em2Mcwi hereafter called SS-Adora2b mutant rats). Rat breeders and weanlings were fed a Teklad 7034 (T 0.3) diet (Harlan Laboratories Inc., Teklad diets, Madison, WI) containing 0.12 % NaCl.
Isolation of dermal and pulmonary fibroblasts
Dermal and pulmonary fibroblasts were isolated by collagenase digestion, as previously described [26] . To obtain dermal fibroblasts, ear samples were incubated in HBSS containing 0.51 mg/ml of collagenase (from Clostridium histolyticum; Sigma-Aldrich, St. Louis, MO) for 30 min (37°C), after which the cells were pelleted by centrifugation and reincubated for 20 min (37°C) in 0.5 ml of 1× trypsin-EDTA. To obtain pulmonary fibroblasts, lung tissue was incubated in 1× PBS containing 0.1 mg/ml of collagenase (type II from Worthington Biochemical Corporation, Lakewood, NJ) for ∼1 h (37°C). During incubation, the digestion mixtures were constantly agitated by rocking and periodically forced through a 16-gauge needle to ensure adequate digestion. Once single-cell suspensions were achieved, the cells were washed by centrifugation and resuspended in DMEM/ F-12 media supplemented with 10 % fetal calf serum, 100 U/ ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml fungizone. The cells were allowed to adhere to 3-cm tissue culture dishes for 2-5 days until confluence and were used up to passage 3.
Cyclic adenosine monophosphate measurements
Pulmonary fibroblasts obtained from SS control or SSAdora2b mutant rats were treated with the selective A 2B AR agonist BAY 60-6583 (BAY; Tocris Biosciences, Bristol, U K ) , t h e n o n s e l e c t i v e a g o n i s t a de n o s i n e -5′ -Nethylcarboxamide (NECA; Sigma-Aldrich, St. Louis, MO), or forskolin (Sigma-Aldrich) at the indicated concentrations for 1 h in the presence of the phosphodiesterase inhibitor Ro 20-1724 (20 M; Tocris Biosciences, Bristol, UK). Subsequently, the cells were lysed with 0.1-M HCl for 30 min at 4°C. The lysate was stored at −20°C until assayed for cyclic adenosine monophosphate (cAMP) content using a competitive protein binding assay. For the binding assay, the samples were diluted appropriately in 0.1-M HCl and incubated with 240-μg protein kinase A binding protein (obtained from bovine adrenal tissue) and [ 3 H]-cAMP (11,000 cpm/ tube; PerkinElmer Life Sciences Inc., Waltham, MA) for 2.5 h at 4°C. The reaction mixture was filtered through glass microfiber filters (Whatman GF/B, Brandel Inc., Fig. 1 Schematic representation of the A 2B AR cDNA and protein sequence in SS-Adora2b mutant rats. SS-Adora2b mutant rats contain a 162-bp in-frame deletion that results in the removal of the start codon. Assuming translation proceeds utilizing the next potential start codon located at position 650, SSAdora2b mutant rats are predicted to express a truncated form of the A 2B AR consisting of transmembrane segments 5-7 and the C terminus. a Schematic illustration of cDNA sequence (deleted segment = gray; region predicted to be untranslated = dark gray). b 3-D illustration of the A 2B AR protein predicted to be expressed in the mutant rat line (expressed regions = blue/green; unexpressed regions = gray)
Gaithersburg, MD), and the trapped radioactivity was determined by scintillation counting. The cAMP concentration in samples was calculated from standard curves.
Cytokine measurements
Levels of cytokines in culture media or plasma samples were determined using either multi-array assay plates (MSD, Rockville, MD) or individual ELISA kits (R & D Systems, Minneapolis, MN), as indicated. The MSD multi-array assay plates were analyzed using a MESO SECTOR S 600 imager and analyzed using Discovery Workbench 4.0 (MSD).
Glucose tolerance tests and assessment of BAY-induced hyperglycemia
Blood glucose levels were measured from tail-prick blood samples with a One-Touch Ultra Glucometer (LifeScan Inc., Milpitas, CA) after a 6-h fast. For glucose tolerance tests, rats were administered an intraperitoneal (i.p.) injection of sterile glucose (2 g/kg in HPLC-graded sterile water), after which glucose measurements were obtained at scheduled intervals. For assessment of A 2B AR-induced hyperglycemia, rats were administered an i.p. injection of BAY dissolved in polyethylene glycol.
Blood pressure measurements and urine collections
Systolic blood pressure was obtained in the conscious state using an automated tail-cuff blood pressure analyzer (IITC Life Sciences Inc., Woodland Hills, CA). Blood pressure was monitored at the same time each day (9-11 am) to minimize circadian effects. With all measurements, the rats were positioned randomly in the blood pressure analyzer device, and the investigators were blinded to the genotype of the rats. At scheduled intervals, the rats were housed in metabolic cages for 24-h urine collections. Urine was assayed for protein content (Protein Determination Kit, Cayman Chemical Co., Ann Arbor, MI) and creatinine (Urinary Creatinine Colorimetric Assay Kit, Cayman Chemical Co.).
Echocardiography
Rats were anesthetized with 1-2 % isoflurane in a 100 % oxygen mix administered via a nose cone and maintained at 37°C. Transthoracic echocardiography was performed using a Vevo 770 high-frequency ultrasound system (FUJIFILM VisualSonics Inc., Toronto, Canada) using a RMV 710 scanhead (12.5-37.5 mHz). Electrocardiogram and heart rate were monitored throughout the imaging procedure. Measurements were made off-line by blinded readers from the left ventricular parasternal long axis B-and M-mode views to assess cardiac structure and function.
Angiotensin II infusion protocol
Under isoflurane anesthesia, mini-osmotic pumps (Alzet model 2004; Durect Corporation, Cupertino, CA) were implanted subcutaneously at the dorsum of the neck to infuse Ang II (Phoenix Pharmaceuticals, Burlingame, CA) at a rate of 200 ng/kg/min for a period of 28 days.
Cardiac and renal histology
Hearts and kidneys were fixed in 10 % zinc formalin for 24 h and 10 % formalin for 3-4 days, respectively, prior to paraffin-embedding and sectioning (performed by the histology core of the Children's Research Institute, Milwaukee, WI). Before excision, hearts were perfused with 20 ml of ice-cold cardioplegic solution (25 mEq/l KCl and 5 % dextrose in PBS) to allow for fixation during diastole. For staining with picrosirius red (PSR) to assess cardiac and renal fibrosis, sections were deparaffinized, rehydrated, and subsequently stained in 0.1 % Sirius Red in saturated picric acid for 1 h. The stained sections were then washed twice in dilute HCl (0.01 N), dehydrated three times in ethanol, and cleared in xylene before mounting. Slides were visualized using a Nikon Eclipse E-55i microscope, and fluorescent images (emission wavelength 600-660 nm, Texas Red) were recorded for quantification of cardiac fibrosis in a blinded fashion. The extent of interstitial fibrosis was assessed in a minimum of 20 fields (×20 magnification) and expressed as the collagen volume fraction [as the percentage of fluorescing pixels in the total tissue area] using ImageJ software.
Data analysis
Data are reported as means±SEM. All data were compared by Student's t test, with the exception of the echocardiography data from the Ang II infusion study that was assessed by twoway repeated measures ANOVA followed by Tukey's multiple comparisons test. A p value <0.05 was considered statistically significant.
Results

Documentation of Adora2b mutation in rats
To investigate the function of the A 2B AR in SS rats, ZFNs were designed to target Adora2b resulting in the creation of a mutant rat strain, designated SS-Adora2b em2Mcwi (referred to as SS-Adora2b mutant rats). Sequencing of the strain revealed a 162-bp in-frame deletion within exon 1 of Adora2b that included the initiator codon. Verification of mutation was confirmed by PCR (Fig. 2a) . The R. norvegicus A 2B AR complementary DNA (cDNA) sequence indicating the deleted segment is shown in Fig. 1a . Based on the location of the next potential in-frame initiator codon, sequence analysis predicts that this rat line may produce a truncated A 2B AR protein consisting of only 154 amino acids (original length=332 amino acids) that lacks the amino terminus, intracellular loops 1 and 2, extracellular loops 1 and 2, and the first 4 transmembrane segments (Fig. 1b) . Expression of a truncated form of the A 2B AR protein in the SS-Adora2b mutant rats could not be verified by Western immunoblotting or immunohistochemistry due to the lack of useful, high-affinity anti-A 2B AR antibodies. However, disruption of A 2B AR function was confirmed in the SS-Adora2b mutants by loss of BAY-induced hyperglycemia and loss of BAY-induced release of IL-6 from isolated pulmonary and dermal fibroblasts (Fig. 2b, c) . We also observed loss of BAY-and NECA-induced cAMP elevation in cultured pulmonary fibroblasts isolated from SS-Adora2b mutants (Fig. 2d) and loss of NECA-induced elevation in plasma IL-6 content (not shown).
Lipopolysaccharide-induced cytokine production is reduced in SS-Adora2b mutant rats
Exposure to lipopolysaccharide (LPS) results in augmented levels of tumor necrosis factor-α (TNF-α) and IL-6 in the plasma of Adora2b −/− mice compared to controls [8] ,
suggesting that the A 2B AR signals to suppress proinflammatory cytokine production in mice. This was examined in SS-Adora2b mutant rats. Figure 3 illustrates plasma concentrations of IL-1β, IL-6, IL-10, TNF-α, and CXCL1 at various times following i.p. injection of 5-mg/kg LPS (Escherichia coli serotype 0111:B4, SigmaAldrich) measured utilizing a multicytokine array assay. There were no differences in plasma concentrations of the cytokines at baseline prior to LPS administration, with the exception of a slight increase in IL-6 content in SS- Adora2b mutant rats (SS=17±2 pg/ml; SS-Adora2b mutant rats = 28 ± 3 pg/ml; p < 0.05). Upon challenge with LPS, however, the increases in IL-1β, IL-6, and CXCL1 in plasma were reduced in SS-Adora2b mutant rats, although there were no differences in the levels of TNF-α. The plasma concentration of the anti-inflammatory cytokine IL-10 was also reduced in SS-Adora2b mutant rats at the 6-h time point only. Although not shown, other cytokines included in the cytokine array including IL-4, IL-13, and IFN-γ were not different between the genotypes at baseline or following LPS administration. In all samples, the concentration of IL-5 was below the limits of detection. These findings indicate that, in contrast to B6 mice [8] , the A 2B AR facilitates LPS-induced proinflammatory cytokine production in SS rats.
SS-Adora2b mutant rats have accentuated hypertension and increased body weight SS-Adora2b mutants were assessed to determine if genetic disruption of Adora2b influences the progression of hypertensive pathology in SS rats. Figure 4 shows the differences in blood pressure and the protein excretion rate between agematched male SS and SS-Adora2b mutant rats maintained on chow with 0.12 % NaCl for 21 weeks. Table 1 reports echocardiographic assessment of cardiac structure and Fig. 3 Plasma concentration of proinflammatory cytokines following injection of LPS. SS control and SS-Adora2b mutant rats (12 weeks old) were injected i.p. with LPS (5 mg/kg) after which plasma was collected at the times indicated for the assessment of cytokine content using a multicytokine array assay. Data are means±SEM. n=6 male rats/group; *p<0.05 or **p<0.01 vs. SS controls using Student's t test function from this experiment. We observed that systolic blood pressure was elevated significantly in SS-Adora2b mutants compared to SS controls, which became evident at 8 weeks of age with consistent differences of ∼15 mmHg at subsequent time points thereafter (Figure 4a ). At 21 weeks of age, systolic blood pressure was 207 ± 7 mmHg in SSAdora2b mutant rats versus 191 ± 5 mmHg in controls (p<0.001). The protein excretion rate (Figure 4b ) and echocardiographic measures of left ventricular structure and function obtained at 21 weeks of age (Table 1) were similar between the genotypes, with the exception of modestly increased posterior wall thickness in SS-Adora2b mutants that likely occurred because systemic blood pressure was increased to a greater extent. As shown in Fig. 5 , total peripheral resistance calculated as systolic blood pressure divided by cardiac output obtained from the echocardiographic measurements was increased in SS-Adora2b mutant rats at 21 weeks of age. These data indicate that genetic disruption of Adora2b significantly accentuates hypertension in SS rats during low-salt feeding.
Body weight data was collected during this experiment, and it was consistently observed that the SS-Adora2b mutant rats were ∼20 g heavier than SS control rats throughout the observation period despite equivalent food intake (Fig. 6a, b) . Based on this observation and previous reports in mice that implicate the A 2B AR in glucose homeostasis, we conducted glucose tolerance tests on the SS-Adora2b mutant rats consisting of i.p. administration of 2 g/kg of glucose to fasted (6 h) animals. As shown in Fig. 6c, d , clearance of glucose was delayed significantly in young (10-12 weeks) SS-Adora2b mutant rats compared to SS controls; however, this difference faded as the animals aged to 20-24 weeks. Fasting glucose was not significantly different between the genotypes at either of the time points that were measured (SS-Adora2b mutant rats=117±2 mg/dl and SS rats=114±3 mg/dl at 12 weeks of age; SS-Adora2b mutant rats=102±2 mg/dl and SS rats=96± 2 mg/dl at 20-24 weeks of age).
Ang II-induced hypertension is attenuated in SS-Adora2b mutant rats
We next examined whether genetic disruption of Adora2b in SS rats influences the progression of hypertensive pathology during systemic infusion of Ang II via subcutaneous implantation of osmotic minipumps. The experiment was begun with rats aged 7-8 weeks when blood pressure is similar between the genotypes. Figures 7 and 8a show blood pressure and the protein excretion rate of age-matched male SS and SS-Adora2b mutant rats during infusion of 200 ng/kg/min of Ang II for 4 weeks. This dose of Ang II was identified in preliminary studies to increase systolic blood pressure in SS rats ∼100 mmHg above control levels. We observed that SS-Adora2b mutant rats had a significant attenuation of blood pressure compared to SS control rats ( Figure 7 ) but no difference in the protein excretion rate (Figure 8a) . After 2 weeks of Ang II infusion, systolic blood pressure was increased to 234±7 mmHg in SS control rats, Fig. 4 Systolic blood pressure and urinary protein excretion data from SS control and SS-Adora2b mutant rats maintained on a low-salt diet. a Systolic blood pressure assessed every 2 weeks using tail-cuff plethysmography. b Protein excretion rate and protein excretion rate to creatinine excretion rate ratio determined from 24-h urine collections at 7 and 21 weeks of age. Data are means±SEM. n=8-14 male rats/group; *p<0.05, **p<0.01 vs. SS control rats using Student's t test whereas it only increased to 193±7 mmHg in SS-Adora2b mutant rats. The rate of weight change was not different in SSAdora2b mutant rats (not shown), indicating that Ang II was administered at an equivalent dose throughout the experiment.
To further assess renal injury, the extent of fibrosis was measured from picrosirius red-stained sections, but no differences were detected between the genotypes in either the cortical or medullary regions (Fig. 8b, c ). There were also no differences in echocardiographic assessment of cardiac structure/function Total peripheral resistance data from SS control and SS-Adora2b mutant rats maintained on a low-salt diet. Total peripheral vascular resistance, estimated as systolic blood pressure/cardiac output (determined from echocardiographic measurements), at 21 weeks of age. Data are means±SEM (n=7-8 male rats/group). *p<0.05 vs. SS control rats using Student's t test Fig. 6 Body weight, food consumption, and glucose clearance of SS control and SSAdora2b mutant rats maintained on a low-salt diet. a Body weight and b food consumption. c, d
Glucose clearance determined from fasted rats (6 h) using a standard glucose tolerance test (i.p. administration of 2 g/kg sterile glucose), as described in the BMethods^section. These studies were conducted with rats aged 9-12 (c) or 20-24 (d) weeks.
(Insets) Area-under-the-curve calculations. Data are means± SEM. n=11-13 male rats/group; *p<0.05 and **p<0.01 vs. SS control rats using Student t tests Fig. 7 Systolic blood pressure data of SS control and SS-Adora2b mutant rats from the Ang II infusion study. The rats were infused with Ang II at a dose of 200 ng/kg/min for 4 weeks via subcutaneous implantation of osmotic minipumps. Systolic blood pressure was assessed every ∼3-4 days by the tail-cuff method. Data are means± SEM. n=8 male rats/group; *p<0.05 and **p<0.01 vs. SS control rats using Student's t test (Table 2) , organ weights (Table 3) , the extent of cardiac fibrosis (Fig. 9a, b) , and total peripheral resistance (Fig. 10) . Note that two out of eight rats from the SS control group died 3 ½weeks after initiation of Ang II infusion likely due to complications of stroke, whereas all of the SS-Adora2b mutant rats survived the entire 28-day study. Collectively, these data indicate that genetic disruption of Adora2b significantly attenuates Ang II-accelerated hypertension in SS rats, but does not substantially influence renal or cardiac pathology.
Discussion
This study presents the initial characterization of a novel line of SS rats with targeted disruption of Adora2b, officially designated SS-Adora2b em2Mcwi
. The 162-bp in-frame deletion in the SS-Adora2b mutant rats results in loss of A 2B AR signaling likely due to expression of a truncated, nonfunctional form of the receptor. Utilizing this novel genetic tool, the main finding of this study is that disruption of Adora2b in SS rats augments hypertension with maturation, yet it attenuates Ang IIaccelerated hypertension. In both instances, the extent of renal and cardiac pathology in SS-Adora2b mutant rats was similar to control rats. These data reveal a variable role for adenosine and A 2B AR signaling in regulating blood pressure in SS rats, playing both pro-and antihypertensive actions depending on the underlying pathogenic mechanisms that drive blood pressure elevation. Disruption of Adora2b in SS-Adora2b mutant rats also increased body weight, impaired glucose homeostasis, and suppressed responsiveness to inflammatory stress.
Hypertension was accentuated in SS-Adora2b mutant rats as they matured to adulthood during low-salt feeding (Fig. 4) , implicating that A 2B AR signaling exerts a blood pressurelowering effect in SS rats under these conditions. A 2B ARs are expressed in most vascular beds where they mediate dilator responses [27] [28] [29] . We therefore speculate that blood pressure was elevated in SS-Adora2b mutant rats due to increased peripheral vascular resistance. In support of this idea, total peripheral resistance estimated as systolic blood pressure/ cardiac output (from echocardiographic measurements) was increased in SS-Adora2b mutant rats at 21 weeks of age compared to controls (Fig. 5) . However, renal mechanisms may contribute as well, since high levels of A 2B AR expression have been noted in various regions of the nephron [30] , and recent studies have implicated the A 2B AR in regulating renal hemodynamics and sodium transport. For example, A 2B AR activation has been shown to promote chloride secretion from inner medullary collecting duct cells [31] and to dilate renal afferent arterioles [27] , both of which could lead to increased sodium excretion. Finally, increased body weight Fig. 8 Proteinuria and renal fibrosis data of SS control and SS-Adora2b mutant rats from the Ang II infusion study. The rats were infused with Ang II at a dose of 200 ng/kg/min for 4 weeks via subcutaneous implantation of osmotic minipumps. a Protein excretion rate and protein excretion rate to creatinine excretion rate ratio determined from 24-h urine collections at baseline (0) and then at 2 and 4 weeks after implantation of osmotic minipumps. b, c Renal fibrosis data. Kidneys were removed at the end of the study, and tissue sections were subjected to picrosirius red staining to evaluate the extent of interstitial fibrosis in cortical and medullary regions. Fibrosis was determined from fluorescent images. b Representative bright-field images and c collagen volume fraction data that was calculated using Image J software. Data are means±SEM. n=6-8 male rats/group with normal food intake suggests increased visceral adiposity in SS-Adora2b mutant rats. This could lead to physical compression of the kidneys and increased activation of the sympathetic nervous and renin-angiotensin systems [32] . Blood pressure is normal in Adora2b −/− mice maintained on the B6 genetic background [8] . Thus, accentuated hypertension observed in SS-Adora2b mutant rats might depend on abnormalities in blood pressure regulation within the SS rat strain. In contrast, hypertension was augmented in SS-Adora2b mutant rats during Ang II infusion (Fig. 7) , suggesting that A 2B AR signaling propagates hypertension driven by the renin-angiotensin system in SS rats. This observation is consistent with previous reports utilizing Adora2b −/− mice [18] .
One possibility is that A 2B AR disruption enhances catecholamine release in response to Ang II infusion. In addition, current evidence indicates that cells of the immune system contribute to hypertension in response to Ang II infusion [33] . Macrophages and specific T cell subsets accumulate within both the kidneys and the vasculature that contribute to blood pressure elevation by producing cytokines including TNF-α, IL-6, IL-17, and likely others that promote vasoconstriction, reactive oxygen species production, and sodium reabsorption in the kidneys [33] . Based on our observation that cytokine production was suppressed in SS-Adora2b mutants following inflammatory challenge with LPS ( Fig. 3 ) and on the observation that A 2B AR activation in SS rats stimulates the production of IL-6 ( Fig. 2) , it is conceivable that A 2B AR activation during Ang II infusion may perpetuate a proinflammatory state within the kidneys and/or the vasculature thereby contributing to blood pressure elevation. It is important to note that the interstitial concentration of adenosine is increased markedly in the kidneys during Ang II infusion, potentially as a result of local ischemia due to vasoconstriction or direct activation of HIF signaling that controls key enzymes involved in adenosine production including the ectonucleotidase CD73 [18, 34] . We were surprised to observe that renal and cardiac pathologies were not attenuated in SS-Adora2b mutant rats in the Ang II infusion studies (Figs. 8 and 9 ). This was unexpected since Ang II-induced renal injury is attenuated in Adora2b −/− mice [18, 21] and because we and others recently observed a sustained reduction in fibrosis in Adora2b −/− mice following myocardial infarction implicating A 2B AR signaling in regulating cardiac remodeling responses [35] [36] [37] [38] . These discrepant findings raise the possibility that participation of A 2B AR signaling in hypertension-induced end-organ injury differs between SS rats and B6 mice. In stark contrast to our findings with SS-Adora2b mutant rats, exposure to LPS by a protocol similar to that used in the present investigation in SS rats dramatically augments plasma levels of proinflammatory cytokines including TNF-α and IL-6 in (B6) Adora2b −/− mice as much as 5-fold [8] , suggesting a stimulatory (rather than an inhibitory) effect of A 2B AR signaling on Toll-like receptormediated cytokine production in B6 mice. Thus, control of inflammatory responses by the A 2B AR also likely differs between SS rats and B6 mice. It is unclear at the present time whether these findings represent generalized species differences (i.e., rats vs. mice) or differences in A 2B AR signaling during hypertension pathology in SS rats. To address this issue, we are transferring the Adora2b mutation to create outbred mutant rat strains to be assessed in future studies. We did not investigate the underlying basis for increased body weight in SS-Adora2b mutant rats or altered glucose clearance. However, genetic disruption of Adora2b in B6 mice also results in increased weight gain, which was explained by increased adiposity correlated with reduced physical activity [39] . Adora2b −/− mice also display impairments in glucose and lipid metabolism, including delayed glucose clearance, reduced insulin sensitivity, hepatic hypertriglyceridemia, and impaired cholesterol metabolism resulting in increased total cholesterol, HDL, and LDL/VLDL content in plasma [39] . Some of these and other metabolic disturbances are augmented during high-fat feeding [40, 41] . These findings with Adora2b −/− mice, which we have partially corroborated in our preliminary studies with SS-Adora2b mutant rats, support the concept that A 2B AR signaling is protective against obesity and have raised interest in the participation of adenosine signaling during metabolic diseases [11] . Further mechanistic studies with Adora2b −/− mice suggest that A 2B AR signaling is protective by maintaining alternative macrophage activation and suppressing macrophagedependent tissue inflammation [39, 40] . While these results suggest a positive role, Figler and colleagues [42] have provided evidence that A 2B AR signaling may have a negative impact during the pathogenesis of diabetes. These investigators observed that blockade of A 2B ARs increases glucose clearance and insulin sensitivity in the genetically obese KK-A y mouse model of type 2 diabetes [42] . Diabetes in these mice increased the expression of the A 2B AR in both endothelial cells and macrophages and resulted in enhanced IL-6 secretion [42] . Thus, the contribution of adenosine and A 2B AR signaling during metabolic disorders is likely to be complex and will require further investigation in additional model systems. Along with salt-sensitive hypertension, SS rats exhibit insulin resistance and hyperlipidemia [43, 44] . The newly created SS-Adora2b mutant rat line described in this study may be a particularly valuable model to investigate the importance of A 2B AR signaling in the setting of metabolic syndrome. Fig. 9 Cardiac fibrosis of SS control and SS-Adora2b mutant rats from the Ang II infusion study. Hearts were removed at the end of the study and tissue sections were subjected to picrosirius red staining. Fibrosis was determined from fluorescent images. Shown are bright-field images (a) and the collagen volume fraction (b) that was calculated using Image J software. Data are means±SEM. n=6-8 male rats/group Fig. 10 Total peripheral resistance of control SS and SS-Adora2b mutant rats from the Ang II infusion study. Total peripheral resistance was calculated as systolic blood pressure/cardiac output obtained (from echocardiographic measurements). Data are means±SEM. n=6-8 male rats/group In summary, this study describes the successful creation and validation of an Adora2b-disrupted rat line for study of A 2B AR function in a genetic model of cardiovascular disease. Unlike the case in B6 mice, A 2B AR disruption failed to influence cardiac or renal injury/fibrosis in response to hypertension, suggesting strain or species differences in profibrotic AR signaling, or differences in responsiveness to profibrotic factors such as IL-6 that are released following A 2B AR activation. Our results indicate an important role for A 2B AR signaling in regulating blood pressure during experimental hypertension, with a particularly prominent prohypertensive action during blood pressure elevation driven by Ang II. Our results also confirm associations between A 2B AR signaling, inflammatory processes, and metabolic disorders.
